We assessed carbon-13 nuclear magnetic resonance ͑ 13 C NMR͒ measurements of the layered organic salt ␤Ј-͑BEDT-TTF͒ 2 ICl 2 , which exhibits antiferromagnetic transition at ambient pressure and 22 K and superconductive transition at 8.2 GPa and 14.2 K ͑the highest known superconductive transition temperature among organic superconductors͒. By analyzing the 13 C NMR spectrum with the tensor, we determined the antiferromagnetic moment of this salt to be B per dimer at ambient pressure, strongly indicating that this salt is a dimer Mott insulator. From NMR measurements under pressure, we found that the structure of the antiferromagnetic phase changed at 0.6 GPa. The moment of this antiferromagnetic phase was estimated to be 0.47 B per dimer at 0.6 GPa and 26 K. In addition, applying pressure rapidly decreased the spin susceptibility in the paramagnetic state, and the pressure dependence of T N showed anomalous behavior consistent with theoretical proposals, including dimensional crossover.
For unconventional superconductors, including high-T c superconductors, two conflicting descriptions can be used to illustrate the electronic structure. One originates from a Mott insulator, explaining the strong limit of the onsite Coulomb interaction U, whereas the other incorporates the electronic correlation into the itinerant electron system, which has a large transfer energy t. Among the organic superconductors, ͑BEDT-TTF͒ 2 X superconductors, where BEDT-TTF is bis͑ethylenedithio͒-tetrathiafulvalene and X is a monovalent counter anion, have been thoroughly investigated. The combination of BEDT-TTF and inorganic ions forms twodimensional conducting sheets with various crystal structures. Of these, the salts typified by -͑BEDT-TTF͒ 2 X have been used to assess the relationship between antiferromagnetism and superconductivity provided by the two conflicting descriptions mentioned above. [1] [2] [3] Recently, the superconductivity of ␤Ј-͑BEDT-TTF͒ 2 ICl 2 under pressure was examined. 4 In crystals of this salt, the BEDT-TTF molecules form a conduction layer and the ICl 2 anions form an insulating layer; these layers alternate with each other ͓Fig. 1͑a͔͒. Magnetically, this salt shows anisotropic susceptibility at 22 K and ambient pressure ͑ap͒, indicating that the antiferromagnetic transition occurs at this temperature. 5 Moreover, this antiferromagnetic phase is thought to arise from simple up-down sites revealed by neutron magnetic scattering. 6 Due to the commensurate antiferromagnetic transition of this salt and the strong dimer structure with one carrier, the Mott insulator picture may fit this salt better. Electrically, this salt shows semiconductive behavior below room temperature at ambient pressure. Its resistivity can be suppressed by applying pressure, causing the insulating phase to disappear and the superconductive transition to occur at 14.2 K under 8.2 GPa. 4 This is the highest known transition temperature among organic superconductors. Metallization and superconductivity under pressure, which are the properties of a Mott insulator, were expected.
Alternatively, however, the mechanism of superconductivity is thought to involve antiferromagnetic fluctuations induced by changing the dimensionality of the Fermi surface. 1, 7 Many ␤-͑BEDT-TTF͒ 2 X salts show superconductivity, and these salts have also been thoroughly investigated. [8] [9] [10] [11] [12] [13] [14] [15] In both the ␤ and ␤Ј type salts, the BEDT-TTF molecules form dimers that are parallel to each other. In the ␤ type, the dimers form a linear arrangement; however in the ␤Ј type, the dimers are slightly skewed. Therefore, it is generally believed that ␤Ј-type salts are more strongly dimerized than ␤-type salts. [16] [17] [18] An alternative description is based on the structural deformation from ␤Ј structure to ␤ structure. Indeed, this structural deformation is suggested by a first-principle theoretical calculation. 19 This description suggests that the application of pressure initially increases but then decreases the antiferromagnetic transition temperature T N , resulting in superconductivity. In a simple Mott insulator, T N is likely to decrease when pressure is applied. For this salt, however, nothing is known about the actual behavior of T N under pressure.
Nuclear magnetic resonance ͑NMR͒ has several advantages, including the ability of the spectrum to detect the internal field during antiferromagnetic transition, and the abil- ity to measure spin susceptibility under pressure as a Knight shift using the hyperfine coupling constant. We therefore measured 13 C NMR with a special enriched molecule with 13 C nuclei to determine the hyperfine coupling tensors. Additionally, we investigated the electronic state of this salt microscopically, the pressure dependence of T N , and the amplitude of the moment, in order to determine the accuracy of the two conflicting descriptions of electronic structure in unconventional superconductors.
For our analysis, we utilized a single crystal of ␤Ј-͑BEDT-TTF͒ 2 ICl 2 , in which one side of the central carbon nuclei in the BEDT-TTF molecules were replaced by 13 C nuclei ͓Fig. 1͑b͔͒. 20 NMR measurements were performed with decreasing temperature under a field of 9.4 T and under pressures ranging from ambient pressure to 3.0 GPa using a clamp cell made of NiCrAl alloy. Daphni oil 7373 was used as the pressure medium. NMR spectra were obtained by fast Fourier transformation ͑FFT͒ of the echo signal with a pulse width of / 2 of 4 s. NMR spectra obtained during the antiferromagnetic phase were merged with FFT spectra at 50 kHz intervals. Spin-lattice relaxation time was determined by the saturation recovery method.
We measured the temperature dependence of the NMR shift from 40 to 100 K with the three axes of rotation at ambient pressure and evaluated the hyperfine coupling constant in each direction using -␦ plots. We defined the x, y, and z axes from the shape of the single crystal in Fig. 1͑c͒ . There are two crystallographic nonequivalent inner and outer sites ͓Fig. 1͑d͔͒ because BEDT-TTF forms a dimer in the sheet. Indeed, two NMR spectral peaks were observed in all three axes of rotation. Figure 2 shows the angular dependence of the hyperfine coupling constant obtained from the slope of the -␦ plot. Thus, we determined the hyperfine coupling tensors: After obtaining these hyperfine coupling tensors, we could calculate the structure of the antiferromagnetic phase at ambient pressure. As previously reported, a divergence of
−1 was observed at 22 K. 21 In order to investigate the amplitude of the antiferromagnetic moment, we applied external fields parallel to the a ‫ء‬ and c ϫ a ‫ء‬ axes. Spin flopping did not occur in these configurations. Therefore, the antiferromagnetic moment forms an internal field parallel to the a ‫ء‬ and c ϫ a ‫ء‬ axes via the off-diagonal elements A 13 and A 23 , of the hyperfine coupling tensor. Figures 3͑a͒ and 3͑b͒ show the observed spectra in both configurations. Four symmetrical peaks were observed, indicating a commensurate structure in which the inner and outer sites were each split into two sites by differences in internal fields caused by the simple up and down moments. These findings were consistent with the results of neutron magnetic scattering. 6 The amplitude of the moment provides important information. Assuming that the amplitude of the moment is B per dimer, the peaks could be assigned in both directions by using either of the hyperfine coupling constants A 13 or A 23 ͑Fig. 3͒. When the Mott insulator picture is suitable, the moment should almost be B per dimer. The Mott insulator model can also explain that the Curie constant of the high-temperature paramagnetic phase and the spin per dimer is S = 1 2 . Our main purpose was to determine how the antiferromagnetic phase changed when pressure was applied. From the Mott insulator picture at ambient pressure, we expected that T N would decrease with increased pressure. We therefore measured NMR spectra and T 1 up to 3.0 GPa with an external field parallel to the a ‫ء‬ axis. We observed a different antiferromagnetic structure above 0.3 GPa. Figures 3͑c͒ and 3͑d͒ show the NMR spectrum below the antiferromagnetic transition at 0.6 GPa. This spectrum consisted of seven or eight peaks. However, as shown in the inset of Fig. 3͑c͒ , applying more pressure suppressed ͑c͒ NMR spectrum below the antiferromagnetic transition temperature at 0.6 GPa and H ʈ a ‫ء‬ . The inset shows the NMR spectrum at 2.1 GPa. ͑d͒ NMR spectrum below the antiferromagnetic transition temperature at 0.6 GPa and H ʈ c ϫ a ‫ء‬ .
the structure around 0 MHz. Thus, four primary peaks were observed in the high-pressure region. This result suggested that two different magnetic phases coexisted at 0.6 GPa and that the phase with the smaller internal field disappeared when more pressure was applied. Similar to ambient pressure, the remaining phase under high pressure consisted of four peaks. Whereas the splitting width at H ʈ a ‫ء‬ was about twice that at ambient pressure, the splitting width at H ʈ c ϫ a ‫ء‬ was about half that at ambient pressure, as shown in Fig. 3͑d͒ . These results cannot be explained only by changes in the magnitude of the moment but by changes in the magnetic structure. The moment should be perpendicular to an external field under 9.4 T because the flop field of this salt is less than 1 T at ambient pressure. 5 We estimated that at 0.6 GPa, the amplitude of the moment was 0.47 B per dimer, and the direction of the moment was 22.7°from the c axis for H ʈ a ‫ء‬ and 8.07°from the c axis for H ʈ c ϫ a ‫ء‬ . We should be able to observe the changes corresponding to these alternations in the high-temperature paramagnetic phase. NMR can detect spin susceptibility as the Knight shift: spin susceptibility can be calculated by dividing the Knight shift by the hyperfine coupling constant. Figure 4͑a͒ shows the spin susceptibility of the paramagnetic phase obtained from the Knight shift under pressure. The spin susceptibility decreased significantly, about 30%, from ambient pressure to 0.6 GPa, and the hump structure present around 100 K was suppressed. Under higher pressures, the spin susceptibility decreased slightly. These findings indicated that the paramagnetic phase under pressure was significantly altered from that at ambient pressure. While acting as a semiconductor at 2.0 GPa, its conductivity at room temperature increased by two orders of magnitude, 4 indicating that its itinerancy had increased.
In this antiferromagnetic phase, T N under pressure was determined as the temperature at which the spectrum was changed by a difference in the internal field. At 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, 2.5, and 3.0 GPa, the spectrum changed at 22.5, 28, 33, 38, 41, 44.5, 47.5, 50.0, and 49.5 K, respectively; divergences of ͑T 1 T͒ −1 were also observed at these respective temperatures, as shown in Fig. 4͑b͒ . As illustrated in Fig. 4͑c͒ , the transition temperature almost doubled as pressure increased up to 2.5 GPa, and then it became saturated or slightly decreased as further pressure was applied. In the Mott insulator, applying pressure corresponds to controlling W / U, where W is the bandwidth. Thus, the system is predicted to come close to the metallic state, with T N decreasing at higher pressure. Actually, however, T N increased at higher pressure: T N at 2.5 GPa was more than double T N at 0.3 GPa.
We also evaluated the staggered moment in the antiferromagnetic phase by fitting the temperature dependence of the moment at each pressure using the formula M͑T͒ = M 0 ͑1−T / T N ͒ ␤ ͓Fig. 4͑d͔͒. As shown in Fig. 4͑b͒ , the staggered moment increased as T N increased.
At ambient pressure, the Mott model is thought to be suitable. T N , however, increased at higher pressure. This anomalous increase in T N corresponds to the prediction made by the band model. 1, 7, 19 Due to the magnetic phase under pressure and the rapid decrease in spin susceptibility at higher pressure, the Mott model at ambient pressure was not directly connected to the electronic structure under pressure, indicating that the band model may be more suitable at higher pressure. In -͑BEDT-TTF͒ 2 Cu͓N͑CN͒ 2 ͔X, there is no significant change in spin susceptibility, the magnitude of the moment, and T N near the phase boundary. 21 The Fermi surface of -͑BEDT-TTF͒ 2 X has a two-dimensional nature, and the dimensionality does not change by applying pressure. 22 Therefore the significant pressure dependence of ␤Ј-͑BEDT-TTF͒ 2 ICl 2 is connected to the dimensional crossover model. Additionally, the close vicinity of the superconducting and antiferromagnetic phases suggests that the superconductivity is intermediated by antiferromagnetic fluctuations, as predicted by the dimensional crossover model. 1, 7, 19 The quasi-one-dimensional character of ␤Ј-͑BEDT-TTF͒ 2 ICl 2 at ambient pressure is reminiscent of the similar behavior of the quasi-one-dimensional organic conductor ͑TMTTF͒ 2 Br, in which T N initially increases as pressure increases, then decreases with further pressure increases, and finally the superconductive transition occurs at T c = 0.8 K under 2.6 GPa. [23] [24] [25] This behavior is well explained not by the dimensional crossover model but by the quasi-one-dimensional correlated electron model. Therefore, ␤Ј-͑BEDT-TTF͒ 2 ICl 2 has the potential to be a high T c quasione-dimensional superconductor.
The noticeable pressure dependence of the electron correlation should contribute to the magnetism. However, there is not significant change on the spin susceptibility and ͑1 / T 1 T͒ −1 in the paramagnetic state from 0.6 to 2.1 GPa. The T N of the salt more than doubles from 0.6 to 2.1 GPa, which is predicted by the dimensional crossover model, whereas J, which is estimated from the two-dimensional Heisenberg model, increases by only about 30%. Moreover, the onedimensional Fermi surface in the salt is realized by the cancellation of interchain transfer integrals with different phases, whereas ͑TMTTF͒ 2 Br has relative small interchain transfer integrals. The dimensional crossover model is based on the idea that this cancellation is sensitive to pressure. On the other hand, the simple band picture with an arbitrary number of dimensionalities cannot explain the nonmetallic behavior above T N under pressure. Although the magnetic structure changed, the commensurate magnetic structure and large staggered moment under pressure cannot be fully explained by the nesting of Fermi surfaces. Further theoretical and experimental studies of band structure under pressure are desired. We expect that these problems can be resolved by theoretical development, as well as by the development of a high-pressure NMR technique, up to 9 GPa.
In summary, using angular rotation NMR measurements, we could determine the hyperfine coupling tensor of ␤Ј-͑BEDT-TTF͒ 2 ICl 2 . Using this result, we found that the amplitude of the antiferromagnetic moment was B per dimer, strongly indicating that this salt is a dimer Mott insulator at ambient pressure, with one carrier per dimer. From NMR measurements made under pressure, we confirmed that the structure of the antiferromagnetic phase and the spin susceptibility changed significantly between ambient pressure and 0.6 GPa. In addition, T N increased when a pressure of 0.6 GPa or higher was applied. This anomalous behavior was expected based on the dimensionality of the band picture. However, the simple band picture cannot explain the electrical conductivity and the commensurate antiferromagnetic structure under pressure. Theoretical development of both models of the salt is desired.
